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MBOATWnt signaling plays important roles in development and disease. The X-chromosomal Porcupine homolog gene
(Porcn) encodes an evolutionary conserved member of the membrane bound O-acyl transferase (MBOAT)
superfamily that has been shown to be required for the palmitoylation and secretion of Wnt3a, a mechanism
that has been suggested to be conserved for all mammalian Wnt ligands. PORCN mutations in humans cause
Focal Dermal Hypoplasia (FDH), a disorder causing developmental defects in heterozygous females and
embryonic lethality in hemizygous males. In this study, Porcnmutant mouse embryonic stem (ES) cells were
used to analyze the role of Porcn in mammalian embryonic development. In vitro, we show an exclusive
requirement for Porcn in Wnt secreting cells and further, that any of the four Porcn isoforms is sufﬁcient to
allow for the secretion of functional Wnt3a. Embryos generated by aggregation of Porcnmutant ES cells with
wildtype embryos fail to complete gastrulation in vivo, but remain in an epiblast-like state, similar to Wnt3
and Gpr177/Wls mutants. Consistent with this phenotype, in vitro differentiated mutant ES cells fail to
generate endoderm and mesoderm derivatives. Taken together, these data conﬁrm the importance of Porcn
for Wnt secretion and gastrulation and suggest that disruption of early development underlies the male
lethality of human PORCN mutants.1 College Street, Toronto, ON,
.cox@utoronto.ca (B.J. Cox),
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Focal Dermal Hypoplasia (FDH, Goltz Syndrome) (OMIM ID:
305600) is an X-linked dominant disorder that is characterized by
dysplasias in ecto-mesodermal tissues. Mutations in the human
Porcupine homolog (Porcn) gene on the X chromosome (Xp11.23)
have been identiﬁed as the cause for FDH (Grzeschik et al., 2007;
Wang et al., 2007). The majority of FDH patients are females, and all
male patients carry postzygotic mutations, making them mosaic for
Porcn function. The absence of zygotic mutant male patients indicates
likely embryonic lethality caused by complete lack of Porcn function in
humans (Bornholdt et al., 2009). We have recently identiﬁed Porcn in
a screen for X-chromosomal embryonic lethal genes in the mouse
(Cox et al., 2010), providing evidence that Porcn is indeed required for
mammalian embryonic development. Molecularly, Porcn is a member
of the membrane bound O-acyl transferase (MBOAT) superfamily
(Hofmann, 2000) and is proposed to act as a key lipid modiﬁer of Wnt
ligands (Chen et al., 2009; Takada et al., 2006).
In mammals, Wnt ligands act throughmultiple pathways, including
the canonical Wnt signaling pathway, which activates transcription oftarget genes through beta-catenin/TCF/LEF complexes, and the non-
canonical planar cell polarity (PCP) pathway, which is involved in
polarization of cells within an epithelial sheet and during convergent
extension movements (MacDonald et al., 2009). Wnt proteins are
signalingmolecules with important roles in embryonic development as
well as in tissue homeostasis and stem cell maintenance after birth
(Clevers, 2006; Logan and Nusse, 2004). Consistent with these
functions, mutations or deregulation of Wnt pathway components
have been associated with multiple developmental defects as well as
cancer (Niemann et al., 2004; Polakis, 2007).
While most studies have been directed towards identifying and
characterizing themechanisms acting in theWnt receiving cells, there
is growing interest in the processes required for post-translational
modiﬁcation andWnt secretion (Port and Basler, 2010). Wnt proteins
have a size of approximately 40 kDa and contain a number of highly
conserved cysteine residues. While the amino acid composition of
Wnts suggests a polar, water-soluble behavior, their actual hydro-
phobic behavior has been attributed to two lipid-modiﬁcations;
palmitoylation of the N-terminal cysteine (C77 in mouse Wnt3a,
(Willert et al., 2003)) and modiﬁcation of a conserved serine residue
(S209) with mono-unsaturated palmitoleic acid (Takada et al., 2006).
Post-translational lipid-modiﬁcation has also been conﬁrmed bio-
chemically for Wnt1 (Galli et al., 2007) and Wnt5a (Kurayoshi et al.,
2007) and is thus conserved in all Wnts examined to date, with the
exception of Drosophila WntD (Ching et al., 2008). WntD does not
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modiﬁed residues that are conserved in all mammalian Wnts. It is
therefore predicted that lipid modiﬁcation is a common feature of
Wnt ligand processing. Porcn has been shown to be required for the
palmitoylation of several Wnt ligands (Wnt3a (Takada et al., 2006),
Wnt1, Wnt5a (Chen et al., 2009)) and interacts with several other
Wnts in over-expression studies (Tanaka et al., 2000). Importantly,
loss of function studies in Drosophila (Kadowaki et al., 1996; Zhai
et al., 2004) and overexpression and dominant negative approaches in
chick (Galli et al., 2007) all indicate that Porcn-mediated lipid-
modiﬁcations are required for proper processing ofWnt ligands in the
ER, and for their extracellular distribution and gradient function.
While RNAi knockdown (Takada et al., 2006), chemical inhibition
(Chen et al., 2009) anddominantnegative (Galli et al., 2007) approaches
have all provided valuable insights into Porcn function and the
associated Wnt gradient formation, a genetic Porcn null vertebrate
model organism has not been described to date. Using Porcn null
embryonic stem(ES) cells,we showthatPorcn is required for generation
of endoderm and mesoderm in embryoid bodies in vitro and in Wnt
expressing ES cells for secretion of functional Wnt3a. In vivo, Porcn is
required for correct gastrulation and germ layer establishment. In Porcn
mutants epiblast marker genes are not downregulated and mesoderm
and endoderm differentiation is disrupted. We suggest that this major
developmental disruption underlies the embryonic lethality of human
Porcnmutant male embryos.
Material and methods
ES cell culture
E14Tg2a.4 (parental wildtype) and CSD256 (Porcn genetrap) cells
were obtained from Baygenomics and cultured in feeder-free, serum-
free conditions containing 1000 U/ml Leukemia Inhibitory Factor (LIF),
1 μMPD0325901 (Mek inhibitor, Stemgent) and3 μMCHIR99021 (Gsk3
inhibitor, Stemgent) as previously described (Nichols and Ying, 2006).
Tissue culture disheswere coatedwith gelatin and ES-qualiﬁed fetal calf
serum (Hyclone) immediately before plating of ES cells.
Constructs
For over-expression experiments, pCX-EYFP (Hadjantonakis et al.,
2002) was used as a control plasmid for mock transfections. The
promoter/enhancer elements in this vector drive strong, widespread
transgene expression in ES cells and live mice (Niwa et al., 1991). The
PorcnC ORF was ampliﬁed by PCR from a Mammalian Gene Collection
(MGC) clone (accession: BC032284)whereasWnt3aand Porcn isoforms
A, B and D from previously published vectors (gift from T. Kadowaki)
(Tanaka et al., 2000). Wnt3a point mutants C77A, S209A, and
C77AS209A were generated by site-directed mutagenesis of the wild-
typeWnt3aORF. Ampliconswere ligated into theEcoRI site of pCX-EYFP
to replace the EYFP ORF. All plasmids were veriﬁed by sequencing.
Canonical Wnt activity assay
For the initial autocrine assay, ES cells were plated at 200,000 cells/
well in 24 well plates in serum-free ES media containing LIF, but no
PD0325901 or CHIR99021. Cells were transfected in triplicate at time of
plating with 20 ng pCMV-RenillaLuciferase (pCMV-RL), 400 ng Super8-
XTOPFlash (or Super8XFOPFlash) (Veeman et al., 2003), aswell as pCX-
EYFP (500 ng/1000 ng), pCX-Wnt3a (500 ng), pCX-PorcnA-D (total
amount: 500 ng) using FugeneHD (Roche). Luciferase activity was
determined 24 h after transfection using Dual-Luciferase® Reporter
Assay System (Promega) according to manufacturer's protocol.
The autocrineWnt3a point-mutant assay was performed as above,
with the following modiﬁcation; 500 ng of pCX-Wnt3a (wt or point-mutants) or 500 ng of pCX-EYFP were transfected along with 20 ng of
pCMV-RL and 400 ng Super8XTOPFlash (or Super8XFOPFlash).
For paracrine assays, cellswere transfectedwithpCX-Wnt3a or pCX-
EYFP using FugeneHD in serum-freemediawithout inhibitors. Recipient
cells were transfected with pCMV-RL and Super8XTOPFlash (or
Super8XFOPFlash). 24 h after transfection cells were dissociated using
Trypsin and 75,000producer cells and75,000 recipient cellswereplated
per well of a 24 well plate in triplicate. Luciferase activity was
determined 24 h after cell mixing using Dual-Luciferase® Reporter
Assay System (Promega) according to manufacturer's protocol.
All Luciferase assays were performed at least three times with three
technical replicates. Results were analyzed using Student's t-test.
Nodal activity assay
Assay was performed and analyzed as described for the autocrine
canonical Wnt signaling assay with the following modiﬁcations:
Inhibitors PD0325901 and CHIR99021 were included in the media.
Cells were transfected with 500 ng pBOS-Nodal (Yamamoto et al.,
2003) (or pCX-EYFP (Hadjantonakis et al., 2002)), 300 ng (n2)7-luc
(Saijoh et al., 2000) (gift from H. Hamada) and 20 ng pCMV-RL. For
inhibition and activation of the pathway, 10 μM SB431542 (Sigma)
and 100 ng/ml Activin A (R&D Systems) were used respectively.
Embryo generation
Porcn null embryos were generated by aggregation of Porcn
genetrap ES cells (CSD256, Baygenomics) with 8-cell stage embryos
as previously described (Cox et al., 2010). Brieﬂy, male mice
homozygous for a ubiquitously expressed eGFP transgene (B5/EGFP)
[Tg(CAG-EGFP)B5Nagy] (Hadjantonakis et al., 1998) weremated with
superovulated ICR (Harlan) female mice and embryos were collected
at day E1.5. After over-night culture until the uncompacted eight-cell
stage, each embryo was aggregated with a clump of 8 to 15 ES cells in
depression wells and cultured one more night, before morulae and
blastocysts were transferred into the uteri of pseudopregnant females
at E2.5. Embryos were dissected ﬁve (E7.5) or six days (E8.5) after
embryo transfer and ﬁxed in 4% PFA in PBS overnight.
Whole-mount in situ hybridization
Whole-mount embryo in situ hybridization was performed as
previously described (Yamanaka et al., 2007). The RNA probes used
were: Axin2 (HindIII fragment, F. Costantini), Brachyury (Herrmann,
1991), Cer1 (Shawlot et al., 1998), Hesx1 (Thomas and Beddington,
1996), Hoxb1 (Wilkinson et al., 1989), Lhx1 (Shawlot and Behringer,
1995), Otx2 (Ang et al., 1994), Wnt3 (Roelink et al., 1990). For in situ
hybridization of Porcn, two probes were used simultaneously. The
templates for Porcn probes were ampliﬁed from cDNA clones by PCR
using primers Fwd1: CTGGAATGGGACCTGACAGT, Rev1: GCATC-
CAAAAGTGACCCAGT, Fwd2: GTGAGATGCACATGGTGGAC, Rev2:
ACTGTCAGGTCCCATTCCAG and cloned into pBSII for transcription
with sp6/T7 polymerases.
In vitro differentiation and ﬂow cytometric analysis
Serum-free in vitro differentiation as embryoid bodies (EB) was
performed as previously described (Gadue et al., 2006) with minor
modiﬁcations; ES cells were cultured in differentiation media at
75,000 cells/ml on low attachment plates (Costar). For standard
differentiation, 5 ng/ml Activin A (R&D), 0.5 ng/ml rhBmp4 (R&D)
were added after 2 days and EBs were cultured for another 2 days
without dissociation/re-aggregation. Other factors used: 1 µM IWP-2
(Porcn inhibitor, gift from L. Lum); 3 µM CHIR99021 (Stemgent),
150 ng/ml rmDkk (R&D), 20–200 ng/ml rmWnt3a (R&D).
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added at day 2 without addition of Bmp4.
For ﬂow-cytometric analysis, EBs were dissociated by incubation
with Trypsin/EDTA and stained using the following antibodies:
Phycoerythrin (PE) Rat anti-mouse Flk-1 (BD Pharmingen), Allophy-
cocyanin (APC) Rat anti-Mouse CD184 (CXCR4, BD Pharmingen) and
ﬂuorescein isothiocyanate (FITC) Mouse anti-SSEA-1 (BD Pharmin-
gen). The cell suspension was analyzed on a LSRII or FACSCanto ﬂow
cytometer (BD Biosciences) and dead cells were excluded from the
analysis based on propidium iodide staining. Data analysis was
performed using FlowJo Software (Tree Star Inc.).
Quantitative Real-time PCR analysis
RNA was isolated (Trizol Reagent, GIBCO BRL) at day 0, 2 and 4 of
EB differentiation according to the manufacturer's instructions. Two
micrograms of RNA were reverse transcribed using QuantiTect RT Kit
(Qiagen) according to manufacturer's protocol. Generated cDNA was
used for gene expression analysis by Real-time PCR on a Roche
LightCycler 480 using 2X SYBR master mix (Roche). Primers and PCR
conditions see Supplementary Table S1. Melt curve analysis was used
to determine primer speciﬁcity and standard curves were generated
to control for primer efﬁciency. Gene expression was determined by
relative quantiﬁcation with values corrected for input using GAPDH
and normalized relative to wildtype EBs at the respective time-point.
Data presented in Fig. 6 was obtained in three independent
experiments and analyzed using Student's t-test (pb0.05).
RT-PCR
RNA was extracted from E14Tg2a.4 and CSD256 ES cells using
Trizol according to manufacturer's instructions. RNA was transcribed
into cDNA using SuperScript™ III Reverse Transcriptase (Invitrogen)
with oligo(dT) primers. Gene speciﬁc PCR was performed using Taq
DNA Polymerase (Roche) with the following Porcn-Fwd (GTGAGATG-
CACATGGTGGAC) and Porcn-Rev (ACTGTCAGGTCCCATTCCAG)
primers, spanning exons 4 to 9. Detection of H2afz transcript was
used as control (Mamo et al., 2007).Fig. 1. Porcn expression pattern in peri-gastrulation embryos. Porcn expression was visualize
thereof (E, G). Gastrulation stage embryos and sections are oriented with their anterior to the
well as the anterior visceral endoderm (AVE). By E7.5 Porcn expression can be detected at mo
levels in the lateral regions of the epiblast and the endodermal cell layer (Endo), but is still r
proper with the exception of the region of the cardiogenic plate and foregut pocket. After
throughout the cranial region. Porcn expression cannot be detected in the surface ectoderm
developing cardiac ventricle (V, Figures D, G).Results
Porcn expression analysis in the peri-gastrulation mouse embryo
The 19 Wnt ligands encoded in the mouse genome are expressed
dynamically both temporally and spatially throughout embryonic
development. In order to determine whether Porcn, an MBOAT family
member required for the acylation of several, possibly all, Wnt
ligands, would have dynamic or ubiquitous expression during embryo
development, we analyzed the expression of Porcn in the gastrulating
mouse embryo using RNA in situ hybridization.
At E6.5, Porcn is expressed in epiblast cells undergoing gastrulation
movements and forming theprimitive streak on theposterior side of the
embryo, as well as the AVE (Fig. 1A). One day later, Porcn is no longer
expressed in the AVE but in the lateral proximal region of the endoderm
layer surrounding the egg cylinder, the lateral regions of theepiblast and
at lower levels in the primitive streak region and the migrating
mesoderm (Fig. 1B and E). Porcn is not detectable in the anterior most
region of the embryo (Fig. 1E). At E8.25, Porcn expression is restricted to
the embryo proper with the exception of the region of the cardiogenic
plate and foregut pocket (Fig. 1C). After turning (E9.0), Porcn is
expressed strongly on the dorsal side of the embryo in the neural tube
where it forms a gradient with highest expression levels on the dorsal
side (Fig. 1D and G). Modest Porcn expression was detected throughout
the cranial region and in the optic vesicles (Fig. 1D and F)with amarked
absence of expression in the surface ectoderm (Fig. 1F). Porcnwas also
undetectable in the developing heart (Fig. 1D and G).
Although not ubiquitous, the expression pattern of Porcn at E9.0 is
broad enough at these stages to encompass the published expression
domains of the Wnt ligands (Witte et al., 2009). At gastrulation, Porcn
expression on the posterior side of the gastrulating embryo is consistent
with the expression pattern of severalWnt proteins, but its expression in
the AVEwas unexpected as this is a source ofWnt inhibitors (Kempet al.,
2005).Wnt3 however, has been reported to be expressed in the visceral
endoderm, proximal to the AVE (Rivera-Pérez and Magnuson, 2005). A
functional relevance for this expression has not been reported to date.
While it is possible that Porcn expression in the AVE has no function, it
opens the possibility that Porcnmay have non-Wnt substrates.d in wildtype embryos by whole mount RNA in situ hybridization (A-D, F) and sections
left (A-C, E). (A) At 6.5, Porcn expression can be detected in the primitive streak (PS), as
derate levels in the primitive streak (PS) andmigratingmesoderm (Meso) and at higher
estricted to the embryo proper. At E8.25 (C), Porcn expression restricted to the embryo
turning (D), Porcn is highly expressed in the neural tube (NT) and at moderate levels
(arrow) of the head (F) overlying the optic vesicle (O). Porcn is also absent from the
278 S. Biechele et al. / Developmental Biology 355 (2011) 275–285Porcn genetrap ES cells exhibit defects in canonical Wnt signaling
We obtained a mouse male embryonic stem cell line (CSD256)
from Baygenomics, carrying a genetrap insertion in the second intron
of Porcn, 3′ to the open reading frame start site (Fig. 2A). This
integration site is predicted to terminate Porcn transcripts after 136
bases of coding sequence, affecting all 4 isoforms that are generated
by alternative splicing of exon 7 (18 bp) and exon 8 (15 bp) (Fig. 2A)Fig. 2. Validation of Porcn genetrap ES cell line and canonical Wnt signaling defects. (A) Sche
Untranslated regions of Porcn are indicated in dark gray, translated regions in light gray. Prim
Porcn transcripts (PorcnA-D) as well as mutant transcript in genetrap cell line CSD256 are in
CSD256 genetrap ES cell line as compared to parental wildtype E14 ES cell line. RT-PCR for H
signaling in Porcn wt (E14) and mutant (CSD256) ES cells. Porcn mutant ES cells show only
Luciferase activity was observed in CSD256 by co-transfection of a mixture of PorcnA-D isofo
rescue Wnt signaling in a Tcf/Lef-Luciferase assay. All Porcn splice variants show similar activ
and mutant ES cells. While wt Wnt3a shows strong upregulation of Luciferase activity in w
basal Luciferase activity. In Porcn mut cells, all wt and point-mutant Wnt3a constructs faile
assay shows that Porcn is only required in Wnt signal secreting cells. Expression of Wnt3a
whereas expression ofWnt3a inmutant cells (Sender) had no effect on canonicalWnt report
Lef-Luciferase transfected recipient ES cells. **pb0.01, *pb0.05, ns=not signiﬁcant, error b(Tanaka et al., 2000). In contrast to cell lines carrying heterozygous
genetrap insertions in autosomal genes, this cell line is a functional
Porcn null cell line due to male hemizygosity. Absence of Porcn
transcripts was conﬁrmed by RT-PCR using exon-junction spanning
primers that allow detection of all 4 isoforms (Fig. 2B).
As Porcn has been shown to be involved in the lipid-modiﬁcation
of Wnt ligands in both mammals and ﬂies, we tested whether Porcn
was required for canonical Wnt signaling using Tcf/Lef-luciferasematic representation of Porcn locus with genetrap integration site and Porcn transcripts.
ers for RT-PCR are indicated by arrows and allow ampliﬁcation of exons 4–9. Wildtype
dicated in black. (B) RT-PCR for Porcn in ES cells showing absence of Porcn transcript in
2afz was used as housekeeping control. (C) Tcf/Lef-Luciferase assay for canonical Wnt
basal Luciferase activity after transfection with Wnt3a expression plasmid. Increased
rms along with Wnt3a. (D) Individual isoforms of Porcn were tested for their ability to
ity levels of Luciferase. (E) Tcf/Lef-Luciferase assay of Wnt3a point-mutants in Porcnwt
t cells, Wnt3aC77A shows residual activity. Wnt3a S209 and double mutant show only
d to elicit an upregulation of Tcf/Lef-Luciferase activity. (F) Paracrine Tcf/Lef-Luciferase
in wt ES cells (Sender) leads to signiﬁcant up-regulation of Tcf/Lef-Luciferase activity,
er activity as compared tomock (EYFP) transfection, independent of the genotype of Tcf/
ars display standard error, wt = wildtype, mut = mutant.
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Porcn null cells (CSD256) showed reduced luciferase expression
compared to the parental wildtype cell line (E14Tg2a.4, Fig. 2C). Upon
transfection with a Wnt3a overexpression plasmid, luciferase activity
in wildtype cells increased 39-fold, but Porcn mutant cells did not
show any upregulation and luciferase expression remained at basal
levels, indicating defects in canonical Wnt signaling mediated by
Wnt3a protein (Fig. 2C). Co-transfection of Wnt3a with a mixture of
all four Porcn isoforms rescued this defect of mutant cells and caused a
25-fold increase in luciferase activity, but had no signiﬁcant effect on
the Wnt3a-mediated induction in wildtype cells (Fig. 2C). Transfec-
tion with the Porcn mixture alone had no effect on luciferase activity
in wildtype or mutant cells (Fig. 2C).
We next tested whether Wnt3a palmitoylation is catalyzed by a
speciﬁc Porcn isoform; Wnt3a and individual Porcn isoforms (A-D)
were over-expressed in Porcn null ES cells and canonical Wnt activity
was measured using the Tcf/Lef-luciferase assay (Fig. 2D). All of the
Porcn isoforms were able to rescue the Porcn null defect in ES cells and
no signiﬁcant differences could be detected between cells transfected
with the mixture of isoforms or individual isoforms (Fig. 2D). This
does not preclude some isoform-speciﬁc effect on other Wnt ligands,
but suggests considerable overlap in function of Porcn isoforms.
In order to conﬁrm that lack of Wnt3a palmitoylation causes the
same effects in our Tcf/Lef-luciferase assays, we over-expressed
Wnt3a or point-mutant variants that cannot be lipid-modiﬁed
(C77A, S209 and double mutant) in wildtype and Porcn mutant ES
cells (Fig. 2E). As expected, over-expression of wildtype Wnt3a led to
a strong increase (70-fold) in luciferase activity (Fig. 2E). Consistent
with results obtained in other systems (Doubravska et al., 2011), the
S209A and double-mutantWnt3a showed no upregulation of reporter
activity at all, whereas Wnt3aC77A retained some activity and
showed a 6-fold increase in Wnt reporter activity compared to
mock-transfected cells (Fig. 2E). In Porcn mutant ES cells, none the
Wnt3a constructs showed any activity over basal levels (Fig. 2E).
These results are consistent with a previous report showing that S209
is not acylated upon knock-down of Porcn (Takada et al., 2006).
Whether Porcn is also required for palmitoylation of C77 cannot be
addressed in this system, as S209 acylation has been reported to be a
pre-requisite for C77 palmitoylation (Doubravska et al., 2011).
We next investigated whether Porcn function is required cell
autonomously (Fig. 2F). The secreting cell population was transfected
with EYFP or Wnt3a expression constructs and mixed with cells
transfected with the canonical Wnt reporter construct. Expression of
Wnt3a in wildtype cells led to signiﬁcant upregulation of luciferase
activity in both wildtype and mutant recipient cells, as compared to
the EYFP control (Fig. 2F). In contrast, Porcn mutant cells transfected
with Wnt3a were unable to induce a response in either wildtype or
mutant recipient cells (Fig. 2F). Thus Porcn function is dispensable in
Wnt3a signal receiving cells and only required in Wnt3a secreting
cells, supporting the role of Porcn in Wnt processing and secretion.Normal Nodal secretion and signaling in Porcn genetrap ES cells
While it has been shown that Porcn is required for the acylation of
Wnt ligands, potential roles in other signaling pathways have not
been investigated extensively. As Nodal signaling is another essential
pathway for gastrulation, we investigated whether Porcn genetrap ES
cells exhibit defects in Nodal secretion and signaling in an autocrine/
paracrine assay using the nodal-responsive (n2)7-luciferase construct
(Saijoh et al., 2000). Both wildtype and mutant cells showed a
moderate increase in luciferase activity upon Nodal overexpression
and no statistically signiﬁcant differences could be detected between
the two cell lines (Supplementary Fig. 1). Similarly, no signiﬁcant
differences between the cell lines were found upon stimulation of the
pathwaywith Activin A or inhibition using SB431542 (SupplementaryFig. 1). These results suggest that Porcn is not involved in the secretion
of Nodal ligand or the reception of Nodal signaling.
Porcn null epiblasts fail to differentiate and establish anterior–posterior
identity
In mouse embryogenesis, canonical Wnt signaling is required for
gastrulation and the establishment of the anterior–posterior (A–P)
axis (Liu et al., 1999). Multiple Wnt ligands are expressed in posterior
domains of the embryo and the primitive streak (Wnt2b,Wnt3,Wnt3a,
Wnt5a,Wnt8a,Wnt11) andWnt antagonists such as Dkk and Sfrp2 are
expressed by the anterior visceral endoderm (AVE) (Kemp et al.,
2005). Consistent with this concept, mutations in the earliest acting
Wnt gene, Wnt3, causes a lack of primitive streak and the associated
ingression of mesodermal cells in the posterior region (Liu et al.,
1999).
We have previously shown that Porcn null embryos exhibit
prolonged expression of the pluripotency marker Oct4 (Cox et al.,
2010), suggesting that Porcn null embryos phenocopy Wnt3 mutant
embryos (Liu et al., 1999). In order to determine the phenotype of Porcn
null embryos inmore detail, we analyzed expression patterns of several
marker genes at gastrulation stages. Asmales generated from Porcn null
ES cells die in utero andhence cannot beused to generate a viablemouse
line, Porcn null embryos were generated by aggregation of mutant ES
cells with wildtype GFP-marked host embryos. Only those embryos in
which the entire epiblast was ES-derived (40% of dissected aggregation
embryos), as judged by absence of GFP expression, were used for this
analysis.
As Wnt3 mutant embryos display a gastrulation phenotype, we
analyzed the expression of early gastrulation markers at E6.5 by in situ
hybridization, to determinewhether gastrulation was initiated in Porcn
null embryos. Wnt3 expression on the posterior side of the embryo
(Supplementary Fig. 2A) precedes primitive streak formation and
appears normal in Porcn aggregation embryos (n=3/4, Supplementary
Fig. 2B). Further, all embryos analyzed showed expression of Cer1
(n=4, Supplementary Fig. 2C and D) and Lhx1 (n=5, Supplementary
Fig. 2E–F′) in the AVE, conﬁrming the proper formation of this anterior
signaling center required for gastrulation. Several embryos also
showed posterior embryonic Lhx1 expression (n=3/5, Supplementary
Fig. 2F′). Although this expression region was smaller than in control
embryos (Supplementary Fig. 2E), its presence suggests the initiation of
gastrulation.
At later stages, Wnt3 marks the primitive streak (Fig. 3A) and is
expressed in ectopic patches throughout the Porcn mutant embryo
proper at both E7.5 (n=4) and E8.5 (n=5) (Fig. 3B and D). As Porcn
is required for the lipid modiﬁcation of Wnt3, this expression is not
expected to result in secretion of functional Wnt3 ligand. In order to
determine whether the canonical Wnt signaling cascade was active in
Porcn null embryos, we used Axin2, a direct target and negative
feedback regulator of canonical Wnt signaling as a read-out (Jho et al.,
2002). Axin2 expression was detected at lower levels and in an
ectopic, patchy pattern compared to wildtype control embryos
(n=16), suggesting that canonical Wnt signaling was considerably
reduced in Porcn mutant embryos (Fig. 3E-H).
Brachyury (T) is also a direct target of canonical Wnt signaling
(Yamaguchi et al., 1999) and required for gastrulation in the mouse
embryo where it marks the primitive streak at E7.5 (Fig. 3I) and axial
mesoderm and the tailbud at E8.5 (Fig. 3K). In the majority of Porcn
null aggregation embryos (20/24), T was only detectable in 1–3 small
ectopic patches at E7.5 (n=16) and E8.5 (n=8) (Fig. 3J and L). The
remaining embryos showed either a normal looking primitive streak
(2/24) or complete absence of T (2/24). These observations, in
combination with the observed patches of mesodermal Lhx1 expres-
sion at E6.5 (Supplementary Fig. 2F′), suggest that primitive streak
formation is initiated, but a fully developed streak is not formed.
Expression of HoxB1 was undetectable in all Porcn null embryos
Fig. 3. Analysis of posterior marker gene expresssion in Porcn genetrap aggregation embryos. Comparison of expression of posterior patterning genesWnt3 (A-D), Axin2 (E-H),
Brachyury (T) (I-L) and Hoxb1 (M-P) in wildtype and Porcn genetrap aggregation embryos. Expression of genes was visualized by whole mount RNA in situ hybridization. Wildtype
embryos are oriented with their anterior to the left. Mutant embryos cannot be oriented, due to a lack of discernible markers or structures. At E7.5,Wnt3 (A), canonical Wnt signaling
target Axin2 (E) and T (I) are expressed in the primitive streak, whereas HoxB1 (M) marks posterior cell fates in wildtype embryos. Porcn mutants display a reduced and ectopic
expression ofWnt3 (B) as well as Axin2 (F). Expression of T (J) is strongly reduced and HoxB1 (N) is entirely absent. At E8.5, Wnt3 expression is restricted to the developing neural
tissues and the tailbud in wildtype embryos (C), but expressed ectopically in mutant embryos (D). Axin2 expression at E8.5 is ectopic and strongly reduced in Porcnmutant embryos
(H) as compared to wildtype embryos (G). Brachyury (T)marks the axial mesoderm and tailbud in E8.5 wildtype embryos (K), but is strongly reduced in Porcnmutants (L). Posterior
cell fate marker HoxB1 (O) is undetectable in Porcn mutant embryos.
280 S. Biechele et al. / Developmental Biology 355 (2011) 275–285analyzed (n=7, Fig. 3 M-P), conﬁrming the absence of posterior cell
fates normally induced by posteriorizing Wnt signals.
As the posterior markers T and Hoxb1 were markedly reduced or
absent, we next examined the expression of the anterior markers
Hesx1 andOtx2 in order to determine if anterior neuro-ectodermal cell
fate was established properly or possibly expanded due to a lack of
posteriorizing signals. Porcn null embryos lacked Hesx1 expression
entirely or showed a strongly reduced expression (n=9, Fig. 4B). In
contrast, strong Otx2 expression was detectable throughout the
embryo proper (n=9, Fig. 4D and F). In wildtype embryos, Otx2 is
dynamically expressed, marking the epiblast (E5.0), anterior visceralendoderm (AVE, E6.5) or anterior neuroectoderm (E7.5, E8.5, Fig. 4C
and E). As previously described (Cox et al., 2010), Porcn null embryos
maintain a strong expression of Oct3/4 (Pou5f1) in the embryonic
ectoderm.
While the expression patterns of Wnt3, Axin2 and T suggest that
the primitive streakmay be initiated at E7.5 but not maintained, Porcn
null embryos fail to establish posterior cell fates based on HoxB1
expression. The strong expression of Oct3/4 (Cox et al., 2010) and Otx2
is likely a continuance of the early epiblast expression from E5.0
rather than an expansion of anterior fates. This conclusion is
supported by the observation of the reduction in Hesx1 expression.
Fig. 4. Analysis of anterior marker gene expresssion in Porcn genetrap aggregation
embryos. Comparison of expression of anterior patterning genes Hesx1 (A, B) and Otx2
(C-F) in wildtype and Porcn genetrap aggregation embryos. Expression of genes was
visualized by whole mount RNA in situ hybridization. Wildtype embryos are oriented
with their anterior to the left. Mutant embryos cannot be oriented, due to a lack of
discernible markers or structures. Hesx1marks the anterior neuroectoderm in wildtype
embryos (A) and is strongly reduced (B) or entirely absent in Porcn mutant embryos.
Otx2 expression in wildtype embryos is restricted to the AVE at E7.5 (C) and the
anterior neuroectoderm at E8.5 (E), but is expressed throughout the entire embryo
proper of Porcn mutant embryos at both E7.5 and E8.5 (D,F).
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derivatives in vitro
In order to assess the differentiation properties of Porcn mutant
cells in more detail, we studied the differentiation of mutant ES cells
as embryoid bodies in vitro (Gadue et al., 2005). It has previously been
shown that induction of Flk1 (VEGFR2), a marker expressed in the
lateral plate mesoderm, is dependent on canonical Wnt signaling
(Nostro et al., 2008). To test whether Porcn genetrap ES cells can
generate Flk1-expressing mesoderm, we differentiated Porcn wild-
type and null ES cells as embryoid bodies (EBs) in vitro in serum-free
conditions. Mesoderm formation was induced by addition of Bmp4
(0.5 ng/ml) and Activin A (5 ng/ml) after 48 h and EBs were cultured
for an additional 48 h before ﬂow-cytometric analysis (Fig. 5A).
Using SSEA-1 as a marker for ES and epiblast cells and Flk1 as a
marker for mesoderm, we could observe that approximately 40% of
wildtype cells downregulated SSEA-1 and expressed Flk1 (Fig. 5B),
indicating successful mesoderm formation. In contrast, Flk1+ cells
were absent entirely in Porcn mutant cells (Fig. 5B) and SSEA-1
expression remained high (Fig. 5B and Supplementary Fig. 1).
Absence of Flk1+ cells was also observed in wildtype EBs upon
addition of canonical Wnt inhibitor Dkk-1 (300 ng/ml, Fig. 5G and H)or Porcn inhibitor IWP-2 (1 µM, Fig. 5C and D), indicating that the
observed defect is in fact dependent on canonical Wnt signaling and
the speciﬁc function of Porcn. In order to circumvent the block in
differentiation of Porcn mutant cells, we added the Gsk3 inhibitor
CHIR99014 (3 µM) to differentiating EBs 6 h after induction with
Bmp4 and Activin A. Inhibition of Gsk3 stabilizes free beta-catenin,
which is then translocated to the nucleus where it can bind Tcf/Lef1
and activate gene transcription. EBs treated with Gsk3 inhibitor
showed downregulation of SSEA-1 and a signiﬁcant proportion of
cells expressing Flk1 were observed in both wildtype (22.60%, Fig. 5E)
andmutant cells (32.91%, Fig. 5F). The higher amount of Flk1+ cells in
mutant EBsmay be due to different kinetics of Flk1 induction between
these two cells lines or the failure of Porcn mutant cells to secrete a
negative modulator of Flk1 induction. Likely candidates would be
non-canonical Wnts that may require Porcn for their secretion.
In contrast to activation of the canonical Wnt signaling cascade at
the level of Gsk3, addition of Wnt3a (up to 100 ng/ml) protein had no
effect on mutant EB differentiation (Supplementary Fig. 3). These
observations suggest a positive feedback loop, in which a trigger
amount of exogenous Wnt3a results in the transcription of multiple
other canonicalWnts that are required for gastrulation events. Similar
observations have beenmade forWnt3 in an embryocarcinomamodel
(Marikawa et al., 2008).
We further tested whether EBs could be induced to form CXCR4+
endoderm upon induction with Activin A alone at high concentrations
(100 ng/ml, Fig. 5I and J) (Morrison et al., 2008; Yasunaga et al., 2005).
While wildtype EBs showed downregulation of SSEA-1 and up to 30%
of cells became CXCR4+, no CXCR4+ cells were observed in Porcn null
embryoid bodies (Fig. 5I and J). These results indicate absence of both
endoderm and mesoderm in Porcn null EBs in vitro.
Expanding the analysis of in vitro differentiation, we performed
quantitative Real-time PCR analysis of ES cells (EB day 0, Fig. 6A), EBs
before inductionwith Bmp4 and Activin A (EB day 2, Fig. 6B) and at the
time of ﬂow-cytometric analysis (EB day 4, Fig. 6C). Using a panel of
marker genes for pluripotency (Fbx15, Klf4, Oct4), epiblast (E-cadherin,
Fgf5), neuroectoderm (Gbx2, Sox1, Pax6, Nestin), mesoderm (T, Tbx6,
Pdgfra, Mixl), endoderm (Sox17, Cer1, Cxcr4) as well as Wnt pathway
members (Wnt5a, Axin2, c-Myc), we assessed the phenotype of Porcn
mutant ES cells and EBs on a molecular level (Fig. 6A-C).
At EB day 0 and EB day 2 (Fig. 6A and B), only minor changes in
gene expression levels were detected that were not statistically
signiﬁcant for the majority of genes assessed (Student's t-test,
pN0.05), suggesting that Porcnmutant ES cells had normal expression
levels compared to wildtype ES cells and successfully adopted an
epiblast-like state at EB day 2. Upon induction with Bmp4 and Activin
A (EB day 4, Fig. 6C), the difference between Porcn wildtype and
mutant cells in pluripotency, epiblast and neuroectoderm marker
gene expression remained statistically not signiﬁcant with the
exception of the downregulation of Klf4 and Gbx2. In contrast, all
mesodermal and endodermal marker genes were signiﬁcantly down-
regulated with Mixl being the most extreme. Further, the primitive
streak marker Wnt5a, as well as the direct canonical Wnt signaling
targets Axin2 and c-Mycwere also signiﬁcantly downregulated. Visual
assessment of differentiating EBs as well as the proportion of dead
cells detected during ﬂow-cytometric analysis by propidium iodide
staining (data not shown) suggests no major defects in cell
proliferation or apoptosis under these conditions.
Taken together, our in vitro data suggest that Porcnmutant ES cells
fail to differentiate into endodermal and mesodermal derivatives,
consistent with the requirement for canonical Wnt signaling in the
induction of these germ layers.
Discussion
We have recently discovered Porcn in a screen for X chromosome
linked embryonic lethal mutations in the mouse (Cox et al., 2010).
Fig. 5. Porcn mutant embryoid bodies (EBs) fail to generate Flk1+ mesoderm and CXCR4+ endoderm in vitro. Porcn wildtype (E14Tg2a.4) and mutant (CSD256) ES cells were
differentiated in vitro as embryoid bodies in serum-free media with 0.5 ng/ml Bmp4 and 5 ng/ml Activin A to generate mesoderm cells. After 4 days of differentiation, EBs were
dissociated and analyzed for the expression of cell surface markers SSEA-1 (ES/epiblast cells), Flk1 (VEGFR2, lateral plate mesoderm) and CXCR4 (endoderm) by ﬂow-cytometry.
While wildtype ES cells generated Flk1+ SSEA1low mesoderm (A, 40.22%), this population was entirely absent in Porcnmutant cells and SSEA1 expression remained high (B, 0.09%).
No Flk1+ SSEA1low cell population was observed in wildtype (C, 0.10%) ormutant (D, 0.24%) cells differentiated in the presence of the Porcn chemical inhibitor IWP-2. Addition of the
Gsk3 inhibitor CHIR99021 allowed differentiation into Flk1+ SSEA1low mesoderm of both wildtype (E, 22.60%) and mutant (F, 32.91%) cells. No Flk1+ SSEA1low cell population was
observed in wild type cells (G, 2.12%) or mutant (H, 0.13%) cells differentiated in the presence of the canonical Wnt signaling inhibitor Dkk-1. Differentiation of cells without Bmp4
andwith high levels of Activin A (100 ng/ml) directs differentiation of wildtype ES cells towards CXCR4+ endoderm (I, 29.92%). Porcnmutant cells fail to generate CXCR4+ endoderm
(J, 0.02%) under these conditions.
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derived from aggregations of Porcn null ES cells with wildtype donor
embryos. While it has previously been established in lower organisms
and in vitro systems that Porcn is required for the lipid-modiﬁcation of
Wnt ligands, we present the ﬁrst analysis showing that mammalian
embryos and ES cells require Porcn for the secretion of functional
ligands to induce canonical Wnt signaling responses. The defects
caused by Porcn ablation in mouse embryos also provide insight into
the lethality of human PORCN mutant male embryos.
It has been established in vitro using siRNA and chemical inhibition
that Porcn is required for acylation and secretion of Wnt3a (Takada
et al., 2006) and Wnt5a ligands (Chen et al., 2009). Tcf/Lef-luciferase
assays show that Porcn is further required for activity of Wnt1 and
Wnt2 in mouse L-cells (Chen et al., 2009), suggesting that Porcn
function is required for all Wnt ligands. In keeping with these
observations, we have been able to show that genetic ablation of Porcn
leads to a failure to generate functional secreted Wnts as assessed in
Tcf/Lef-luciferase assays in mouse ES cells. By using appropriate
mixtures of wildtype and mutant cells, we were able to deﬁnitively
demonstrate an exclusive requirement for Porcn in Wnt producing
cells, whereas Porcn is dispensable in Wnt receiving cells.
Consistent with previously established roles for canonical Wnt
signaling in establishing endodermal andmesodermal cell fates, Porcn
mutant ES cells failed to generate these two germ layers after
differentiation in embryoid bodies in vitro. Treatment of wild type
cells with a chemical inhibitor of Porcn (IWP-2) or an extracellular
Wnt inhibitor (Dkk) phenocopied the Porcn mutant differentiation
defect. However the defect could be rescued by treatment of mutant
cells with a Gsk3 inhibitor (CHIR99014), which would stabilize beta-
catenin and activate the canonical Wnt signaling pathway in mutant
cells. These results are all consistent with a speciﬁc role for Porcn in
promoting the correct processing and secretion of Wnts.
Interestingly, however, addition of exogenous Wnt3a protein to
mutant EB cultures did not rescue the mutant defects. Since our cell
mixing studies had conclusively excluded the possibility that Porcn is
somehow required in Wnt receiving cells, this result suggests that
exogenous Wnt alone is not sufﬁcient to activate the full downstreammesoderm differentiation pathway. It has previously been shown that
Wnt3 is regulated in a positive feedback loop in differentiating P19
embryonal carcinoma cells and is further required to induce other
Wnts typically expressed in the primitive streak (Marikawa et al.,
2008). We suggest that addition of Wnt3a to EB cultures triggers a
positive feedback loop, which results in the expression of multiple
Wnt ligands required for gastrulation. In Porcnmutants, this feedback
loop will be non-functional since Porcn is required for the secretion or
function of those ligands as well. Addition of Wnt3a will thus not
result in the secretion of Wnt ligands from mutant cells and fail to
induce gastrulation. In contrast, when canonical Wnt signaling is
activated by Gsk3 inhibition, this positive feedback loop is not
required for the generation of Flk1+ cells. Further, Porcnmutant cells
would also fail to secrete non-canonical Wnts, which could be
required as negative regulators of Flk1 expression, explaining the
increase in Flk1+ cells in EBs after Gsk3 inhibition.
These in vitro studies on Porcn mutant ES cells strongly suggest
that Porcn will be required for the earliest Wnt dependent
developmental events in vivo. This was conﬁrmed by examining the
phenotype of Porcn mutant ES-derived embryos. Mutant embryos
showed major gastrulation defects. Porcn mutant epiblast cells fail to
specify anterior and posterior tissue fates, but instead remain in an
“epiblast-like” state with high levels of Oct4 (Cox et al., 2010) andOtx2
transcription. The epiblast continues to proliferate, leading to folds of
embryonic ectoderm within the visceral endoderm (Cox et al., 2010).
These observations support the role for Porcn in Wnt signaling, as
Wnt3−/− embryos show a similar phenotype (Barrow et al., 2007; Liu
et al., 1999). Further, Gpr177/Wls, encoding a protein involved in
trafﬁcking Wnt ligands from the Golgi to the cell surface, has been
knocked out in the mouse and also shows a highly similar phenotype
(Fu et al., 2009). Based on the similarity of these three mutants, we
can conclude that Porcn and Gpr177 are involved in the generation
and secretion of functional Wnt3 ligand in vivo.
Canonical Wnt signaling has been implicated in the maintenance
of pluripotency of ES cells, yet our data, as well as the absence of pre-
implantation phenotypes of beta-catenin and Wnt ligand knock-out
mice (van Amerongen and Berns, 2006), indicates that canonical Wnt
Fig. 6. Gene expression analysis of Porcn mutant embryoid bodies (EBs) conﬁrms failure in generation of endodermal and mesodermal derivatives in vitro. Quantitative Real-time
PCR analysis of in Porcnwildtype (E14Tg2a.4) and mutant (CSD256) ES cells differentiated in vitro as embryoid bodies in serum-free media. RNA was harvested from ES cells at the
time of EB set-up (EB day 0, A), before addition of growth factors Bmp4 and Activin A (EB day 2, B) and at the time of ﬂow-cytometric analysis (EB day 4, C). Bars indicate deviation
of gene expression level in Porcn mutant cells compared to wildtype cells at the respective time point. Error bars indicate standard errors. Statistical signiﬁcance indicated by
* (Student's t-test, pb0.05). The selected marker genes show only minor differences in expression levels at EB day 0 (A) and EB day 2 (B), suggesting that Porcn mutant ES cells
successfully transition into an epiblast-like state (B). At EB day 4 (C), changes in pluripotency, epiblast and neuroectoderm marker gene expression are statistically not signiﬁcant,
with the exception of Klf4 and Gbx2. In contrast, all markers for mesodermal and endodermal derivatives were signiﬁcantly reduced as compared to wildtype EBs, indicating absence
or strong reduction in those cell types. Canonical Wnt signaling targets Axin2 and c-Myc were also signiﬁcantly reduced.
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inner cell mass of the blastocyst. We suggest that the in vitro effects of
Wnt activation are based on its ability to inhibit neural differentiation
of ES cells (Kielman et al., 2002; Watanabe et al., 2005). Thus whileWnts may not be required for pluripotency in vivo, Wnt signaling in
vitro can be used tomaintain ES cells in a pluripotent state by blocking
neural differentiation, if other factors in themedia, such as LIF (Ogawa
et al., 2006), counteract its mesoderm-inducing capabilities.
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Porcn in the acylation of S209 of Wnt3a. Whether only a subset or all
mammalian Wnt ligands are lipid-modiﬁed by Porcn is currently
unknown. All mammalian Wnt proteins tested to date interact with
Porcn in over-expression studies (Tanaka et al., 2000) and the two
palmitoylated residues are conserved in all mouse Wnt ligands
(Takada et al., 2006), but a systematic analysis of Porcn-dependence of
Wnt ligands is lacking.
In the ES-derived Porcn mutant embryos, expression of canonical
Wnt targets, such asAxin2 and T, was reducedbut not absent, suggesting
that there might not be a complete block in Wnt function in these
embryos. In contrast to zygotic mutant embryos, the extraembryonic
tissues derived from trophectoderm and primitive endoderm in the
analyzed aggregation embryos are derived from the wild type donor
embryos. Hence, there could be some residualWnt secretion from these
tissues. Porcnwas not expressed strongly in the extraembryonic tissues
of the peri-gastrulation mouse embryo but it was expressed in some
regions of the visceral endoderm, such as the AVE at E6.5. The AVE,
however, has not been described as a source for Wnt ligands so far, but
has been shown to secrete Wnt inhibitors Dkk and sFRP. Transient
expression ofWnt3 in the region proximal to the AVE has been reported
(Rivera-Pérez and Magnuson, 2005). While it is possible that Porcn has
no functional role in the AVE, it opens the possibility that Porcn may
have Wnt independent functions or substrates.
Due to its signiﬁcant role in gastrulation, we investigated whether
Porcn could be involved in Nodal signaling, but were unable to detect
defects in Nodal secretion or downstream signaling in the ES cell
system. Using a chemical Porcn inhibitor, another study has excluded
effects of Porcn on Notch and Sonic Hedgehog (Shh) signaling (Chen
et al., 2009). Together, these data support that Porcn is exclusively
required for acylation of Wnt ligands.
To allow for detailed, time- or tissue-speciﬁc analyses of Porcn's
role throughout mouse embryonic development and adult tissue
homeostasis, a conditional Porcn allele avoiding embryonic lethality of
founder males will be required. These analyses may also shed light on
Porcn's substrates, and whether these include all Wnts and even non-
Wnt ligands.
PORCN mutations in humans
While PORCN heterozygous human females present with FDH,
zygotic mutant males have not been observed to date, suggesting a
requirement for PORCN in human embryonic development. The time-
point or cause of the male embryonic lethality is unknown. Using
Porcn mutant mouse ES cells to generate aggregation embryos, we
were able to establish amodel for Porcnmutantmalemammals. Based
on this model, we propose that embryonic lethality of PORCNmutant
male human embryos is due to a gastrulation defect and a failure to
form endodermal and mesodermal derivatives.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.04.029.
Acknowledgments
We wish to thank Jodi Garner and Dionne White for technical
support; Marina Gertsenstein, Sue MacMaster and Sandra Tondat for
aggregation experiments; Ken Harpal for sectioning; Dr. Tatsuhiko
Kadowaki andDr. Hiroshi Hamada for DNA constructs andDr. Lawrence
Lum for sharing IWP-2. Supported inpart by ResearchGrant no. 6-FY08-
315 from the March of Dimes Foundation.
References
Ang, S.L., Conlon, R.A., Jin, O., Rossant, J., 1994. Positive and negative signals from
mesoderm regulate the expression of mouse Otx2 in ectoderm explants.
Development 120, 2979–2989.Barrow, J.R., Howell, Rule, Hayashi, S., Thomas, Capecchi, M.R., McMahon, A.P., 2007.
Wnt3 signaling in the epiblast is required for proper orientation of the
anteroposterior axis. Dev. Biol. 312, 312–320.
Bornholdt, D., Oeffner, F., König, A., Happle, R., Alanay, Y., Ascherman, J., Benke, P.J.,
Boente, M.d.C., van der Burgt, I., Chassaing, N., Ellis, I., Francisco, C.R.I., Della
Giovanna, P., Hamel, B., Has, C., Heinelt, K., Janecke, A., Kastrup, W., Loeys, B.,
Lohrisch, I., Marcelis, C., Mehraein, Y., Nicolas, M.E.O., Pagliarini, D., Paradisi, M.,
Patrizi, A., Piccione, M., Piza-Katzer, H., Prager, B., Prescott, K., Strien, J., Utine, G.E.,
Zeller, M.S., Grzeschik, K.-H., 2009. PORCN mutations in focal dermal hypoplasia:
coping with lethality. Hum. Mutat. 30, E618–E628.
Chen, B., Dodge, M., Tang,W., Lu, J., Ma, Z., Fan, C., Wei, S., Hao, W., Kilgore, J., Williams, N.,
Roth, M., Amatruda, J., Chen, C., Lum, L., 2009. Small molecule-mediated disruption of
Wnt-dependent signaling in tissue regeneration and cancer. Nat. Chem. Biol. 5 (2),
100–107.
Ching, W., Hang, H., Nusse, R., 2008. Lipid-independent secretion of a Drosophila Wnt
protein. J. Biol. Chem. 283 (25), 17092–17098.
Clevers,H., 2006.Wnt/beta-catenin signaling indevelopment anddisease. Cell 127, 469–480.
Cox, B.J., Vollmer, M., Tamplin, O., Lu, M., Biechele, S., Floss, T., Gertsenstein, M., van
Campenhout, C., Kühn, R., Wurst, W., Lickert, H., Rossant, J., 2010. Phenotypic
annotation of the mouse X chromosome. Genome Res. 20 (8), 1154–1164.
Doubravska, L., Krausova, M., Gradl, D., Vojtechova, M., Tumova, L., Lukas, J., Valenta, T.,
Pospichalova, V., Faﬁlek, B., Plachy, J., Sebesta, O., Korinek, V., 2011. Fatty acid
modiﬁcation of Wnt1 and Wnt3a at serine is prerequisite for lipidation at cysteine
and is essential for Wnt signalling. Cell. Signal. 23, 837–848.
Fu, J., Jiang, M., Mirando, A., Yu, H., Hsu, W., 2009. Reciprocal regulation of Wnt and
Gpr177/mouse Wntless is required for embryonic axis formation. Proc Natl Acad
Sci USA. 106 (44), 18598–18603.
Gadue, P., Huber, T.L., Nostro, M.C., Kattman, S., Keller, G.M., 2005. Germ layer induction
from embryonic stem cells. Exp. Hematol. 33, 955–964.
Gadue, P., Huber, T.L., Paddison, P.J., Keller, G.M., 2006. Wnt and TGF-beta signaling are
required for the induction of an in vitro model of primitive streak formation using
embryonic stem cells. Proc Natl Acad Sci USA 103, 16806–16811.
Galli, L.M., Barnes, T.L., Secrest, S.S., Kadowaki, T., Burrus, L.W., 2007. Porcupine-
mediated lipid-modiﬁcation regulates the activity and distribution of Wnt proteins
in the chick neural tube. Development 134, 3339–3348.
Grzeschik, K.H., Bornholdt, D., Oeffner, F., Konig, A., del Carmen Boente, M., Enders, H.,
Fritz, B., Hertl, M., Grasshoff, U., Hoﬂing, K., Oji, V., Paradisi, M., Schuchardt, C.,
Szalai, Z., Tadini, G., Traupe, H., Happle, R., 2007. Deﬁciency of PORCN, a regulator of
Wnt signaling, is associated with focal dermal hypoplasia. Nat. Genet. 39, 833–835.
Hadjantonakis, A.-K., Gertsenstein, M., Ikawa, M., Okabe, M., Nagy, A., 1998. Generating
green ﬂuorescent mice by germline transmission of green ﬂuorescent ES cells.
Mech. Dev. 76, 79–90.
Hadjantonakis, A.-K., Macmaster, S., Nagy, A., 2002. Embryonic stem cells and mice
expressing different GFP variants for multiple non-invasive reporter usage within a
single animal. BMC Biotechnol. 2, 11.
Herrmann, B.G., 1991. Expression pattern of the Brachyury gene in whole-mount TWis/
TWis mutant embryos. Development 113, 913–917.
Hofmann, K., 2000. A superfamily of membrane-bound O-acyltransferases with
implications for wnt signaling. Trends Biochem. Sci. 25, 111–112.
Jho, E.H., Zhang, T., Domon, C., Joo, C.K., Freund, J.N., Costantini, F., 2002. Wnt/beta-
catenin/Tcf signaling induces the transcription of Axin2, a negative regulator of the
signaling pathway. Mol. Cell. Biol. 22, 1172–1183.
Kadowaki, T., Wilder, E.L., Klingensmith, J., Zachary, K., Perrimon, N., 1996. The segment
polarity gene porcupine encodes a putative multitransmembrane protein involved
in Wingless processing. Genes Dev. 10, 3116–3128.
Kemp, C., Willems, E., Abdo, S., Lambiv, L., Leyns, L., 2005. Expression of all Wnt genes
and their secreted antagonists during mouse blastocyst and postimplantation
development. Dev. Dyn. 233, 1064–1075.
Kielman, M.F., Rindapaa, M., Gaspar, C., van Poppel, N., Breukel, C., van Leeuwen, S.,
Taketo, M.M., Roberts, S., Smits, R., Fodde, R., 2002. Apcmodulates embryonic stem-
cell differentiation by controlling the dosage of beta-catenin signaling. Nat. Genet.
32, 594–605.
Kurayoshi, M., Yamamoto, H., Izumi, S., Kikuchi, A., 2007. Post-translational palmitoyla-
tion and glycosylation of Wnt-5a are necessary for its signalling. Biochem. J. 402,
515–523.
Liu, P., Wakamiya, M., Shea, M.J., Albrecht, U., Behringer, R.R., Bradley, A., 1999.
Requirement for Wnt3 in vertebrate axis formation. Nat. Genet. 22, 361–365.
Logan, C.Y., Nusse, R., 2004. The Wnt signaling pathway in development and disease.
Annu. Rev. Cell Dev. Biol. 20, 781–810.
MacDonald, B.T., Tamai, K., He, X., 2009. Wnt/beta-catenin signaling: components,
mechanisms, and diseases. Dev. Cell 17, 9–26.
Mamo, S., Gal, A.B., Bodo, S., Dinnyes, A., 2007. Quantitative evaluation and selection of
reference genes in mouse oocytes and embryos cultured in vivo and in vitro. BMC
Dev. Biol. 7, 14.
Marikawa, Y., Tamashiro, D.A.A., Fujita, T.C., Alarcón, V.B., 2008. Aggregated P19 mouse
embryonal carcinoma cells as a simple invitromodel to study themolecular regulations
of mesoderm formation and axial elongation morphogenesis. Genesis n/a-n/a 47 (2),
93–106.
Morrison, G.M., Oikonomopoulou, I., Migueles, R.P., Soneji, S., Livigni, A., Enver, T.,
Brickman, J.M., 2008. Anterior deﬁnitive endoderm from ESCs reveals a role for FGF
signaling. Cell Stem Cell 3, 402–415.
Nichols, J., Ying, Q.L., 2006. Derivation and propagation of embryonic stem cells in
serum- and feeder-free culture. Methods Mol Biol 329, 91–98.
Niemann, S., Zhao, C., Pascu, F., Stahl, U., Aulepp, U., Niswander, L., Weber, J.L., Muller, U.,
2004. Homozygous WNT3 mutation causes tetra-amelia in a large consanguineous
family. Am. J. Hum. Genet. 74, 558–563.
285S. Biechele et al. / Developmental Biology 355 (2011) 275–285Niwa, H., Yamamura, K., Miyazaki, J., 1991. Efﬁcient selection for high-expression
transfectants with a novel eukaryotic vector. Gene 108, 193–199.
Nostro, M.C., Cheng, X., Keller, G.M., Gadue, P., 2008. Wnt, Activin, and BMP signaling
regulate distinct stages in the developmental pathway from embryonic stem cells
to blood. Cell Stem Cell 2, 60–71.
Ogawa, K., Nishinakamura, R., Iwamatsu, Y., Shimosato, D., Niwa, H., 2006. Synergistic
action of Wnt and LIF in maintaining pluripotency of mouse ES cells. Biochem.
Biophys. Res. Commun. 343, 159–166.
Polakis, P., 2007. The many ways of Wnt in cancer. Curr. Opin. Genet. Dev. 17, 45–51.
Port, F., Basler, K., 2010. Wnt trafﬁcking: new insights into Wnt maturation, secretion
and spreading. Trafﬁc. 11 (10), 1265–1271.
Rivera-Pérez, J.A., Magnuson, T., 2005. Primitive streak formation inmice is preceded by
localized activation of Brachyury and Wnt3. Dev. Biol. 288, 363–371.
Roelink, H., Wagenaar, E., Lopes da Silva, S., Nusse, R., 1990. Wnt-3, a gene activated by
proviral insertion in mousemammary tumors, is homologous to int-1/Wnt-1 and is
normally expressed in mouse embryos and adult brain. Proc Natl Acad Sci USA 87,
4519–4523.
Saijoh, Y., Adachi, H., Sakuma, R., Yeo, C.Y., Yashiro, K., Watanabe, M., Hashiguchi, H.,
Mochida, K., Ohishi, S., Kawabata, M., Miyazono, K., Whitman, M., Hamada, H., 2000.
Left-right asymmetric expression of lefty2 and nodal is induced by a signaling
pathway that includes the transcription factor FAST2. Mol. Cell 5, 35–47.
Shawlot, W., Behringer, R.R., 1995. Requirement for Lim1 in head-organizer function.
Nature 374, 425–430.
Shawlot, W., Deng, J.M., Behringer, R.R., 1998. Expression of the mouse cerberus-related
gene, Cerr1, suggests a role in anterior neural induction and somitogenesis. Proc
Natl Acad Sci USA 95, 6198–6203.
Takada, R., Satomi, Y., Kurata, T., Ueno, N., Norioka, S., Kondoh, H., Takao, T., Takada, S.,
2006. Monounsaturated fatty acid modiﬁcation of Wnt protein: its role in Wnt
secretion. Dev. Cell 11, 791–801.
Tanaka, K., Okabayashi, K., Asashima, M., Perrimon, N., Kadowaki, T., 2000. The
evolutionarily conserved porcupine gene family is involved in the processing of the
Wnt family. Eur. J. Biochem. 267, 4300–4311.
Thomas, P., Beddington, R., 1996. Anterior primitive endoderm may be responsible for
patterning the anterior neural plate in the mouse embryo. Curr. Biol. 6, 1487–1496.
van Amerongen, R., Berns, A., 2006. Knockout mouse models to study Wnt signal
transduction. Trends Genet. 22, 678–689.Veeman, M.T., Slusarski, D.C., Kaykas, A., Louie, S.H., Moon, R.T., 2003. Zebraﬁsh prickle,
a modulator of noncanonical Wnt/Fz signaling, regulates gastrulation movements.
Curr. Biol. 13, 680–685.
Wang, X., Reid Sutton, V., Omar Peraza-Llanes, J., Yu, Z., Rosetta, R., Kou, Y.C., Eble, T.N.,
Patel, A., Thaller, C., Fang, P., Van den Veyver, I.B., 2007. Mutations in X-linked
PORCN, a putative regulator of Wnt signaling, cause focal dermal hypoplasia. Nat.
Genet. 39, 836–838.
Watanabe, K., Kamiya, D., Nishiyama, A., Katayama, T., Nozaki, S., Kawasaki, H.,
Watanabe, Y., Mizuseki, K., Sasai, Y., 2005. Directed differentiation of telencephalic
precursors from embryonic stem cells. Nat. Neurosci. 8, 288–296.
Wilkinson, D.G., Bhatt, S., Cook, M., Boncinelli, E., Krumlauf, R., 1989. Segmental
expression of Hox-2 homoeobox-containing genes in the developing mouse
hindbrain. Nature 341, 405–409.
Willert, K., Brown, J.D., Danenberg, E., Duncan, A.W., Weissman, I.L., Reya, T., Yates, J.R.,
Nusse, R., 2003. Wnt proteins are lipid-modiﬁed and can act as stem cell growth
factors. Nature 423, 448–452.
Witte, F., Dokas, J., Neuendorf, F., Mundlos, S., Stricker, S., 2009. Comprehensive
expression analysis of all Wnt genes and their major secreted antagonists during
mouse limb development and cartilage differentiation. Gene Expr. Patterns 9 (4),
215–223.
Yamaguchi, T.P., Takada, S., Yoshikawa, Y., Wu, N., McMahon, A.P., 1999. T (Brachyury)
is a direct target of Wnt3a during paraxial mesoderm speciﬁcation. Genes Dev. 13,
3185–3190.
Yamamoto, M., Mine, N., Mochida, K., Sakai, Y., Saijoh, Y., Meno, C., Hamada, H., 2003.
Nodal signaling induces the midline barrier by activating Nodal expression in the
lateral plate. Development 130, 1795–1804.
Yamanaka, Y., Tamplin, O.J., Beckers, A., Gossler, A., Rossant, J., 2007. Live imaging and
genetic analysis of mouse notochord formation reveals regional morphogenetic
mechanisms. Dev. Cell 13, 884–896.
Yasunaga, M., Tada, S., Nakano, Y., Okada, M., Jakt, L.M., Torikai-Nishikawa, S., Chiba,
T., Era, T., Nishikawa, S.-I., 2005. Induction and monitoring of deﬁnitive and
visceral endoderm differentiation of mouse ES cells. Nat. Biotechnol. 23,
1542–1550.
Zhai, L., Chaturvedi, D., Cumberledge, S., 2004. Drosophila wnt-1 undergoes a
hydrophobic modiﬁcation and is targeted to lipid rafts, a process that requires
porcupine. J. Biol. Chem. 279, 33220–33227.
